BORER, K.T. Nonhomeostatic control of human appetite and physical activity in regulation of energy balance. Exerc. Sport Sci. Rev., Vol. 38, No. 3, pp. 114Y121, 2010. Ghrelin and leptin, putative controllers of human appetite, have no effect on human meal-to-meal appetite but respond to variations in energy availability. Nonhomeostatic characteristics of appetite and spontaneous activity stem from inhibition by leptin and ghrelin of brain reward circuit that is responsive to energy deficit, but refractory in obesity, and from the operation of a meal-timing circadian clock.
INTRODUCTION
Recent epidemic increases in the incidence of obesity in developed countries are closely related to increased availability and intake of palatable energy-dense food (23) and declining levels of physical activity (3) . As both food intake and energy expenditure determine the plateau around which body weight and fat are regulated, factors controlling feeding and spontaneous activity hold the key to prevent and possibly reduce obesity. The thesis of this review is that our understanding of the regulation of energy balance is impeded by preoccupation with a homeostatic view of this mechanism and comparative inattention to nonhomeostatic motivational and physiological processes controlling feeding, spontaneous physical activity, and metabolism.
NONHOMEOSTATIC CONTROL OF MEAL-TO-MEAL EATING
The inference of homeostatic mechanism of energy regulation was made by E.F. Adolph more than 60 yr ago when he noted that body weight in rats stabilizes and is defended at a given plateau at the end of the growth period. The contribution of feeding to this process was in that ad libitumYfed rats eat relatively constant amounts of standard laboratory chow sufficient to maintain a stable weight plateau (1) . After having lesions on the ventromedial hypothalamus (VMH), animals gain excess fat and weight, but when weight again stabilizes, an identical amount of food per unit weight is consumed as in intact rats to maintain the new weight plateau (16) . Partial starvation and weight loss in both neurologically intact and in the obese VMH lesioned rats are followed by overeating and hypoactivity when unlimited access to food is restored. This behavior continues until a complete recovery of weight to prestarvation levels is achieved. Kennedy and Mitra (16) demonstrated that spontaneous physical activity is a component of the mechanism contributing to weight stability in mature rodents. They noted low spontaneous activity levels during rapid growth. With attainment of sexual maturity and a stable weight plateau, spontaneous physical activity level reaches its peak and contributes to energy balance through daily oscillations in energy expenditure around a stable weight plateau (16) . These early studies suggested that both feeding and spontaneous physical activity contribute to weight stability in a homeostatic fashion.
A contemporary view of energy regulation adopts the premise that feeding and spontaneous physical activity act as negative feedback controls in this process. An important distinction between the early and contemporary views of energy regulation is in the concept of what is being regulated. The early studies implicated feeding and spontaneous physical activity in maintenance and defense of any stable body weight and fat plateau. The contemporary definition focuses on regulation of body fat levels by way of the hormones insulin and leptin, which signal deviation from normative fatness to the controlling hypothalamic centers. A sustained inhibitory influence over feeding and a stimulatory influence over energy expending processes (presumed to include physical activity) are postulated to operate in the basal meal-to-meal state, under the influence of insulin and leptin. The inhibitory and stimulatory influences are hypothesized to be relaxed when body weight and fat, as well as plasma concentrations of insulin and leptin, decline to allow for restoration of the predeprivation fat level (25) . A more detailed formulation of this homeostatic view is that the gut peptide ghrelin stimulates feeding in response to negative energy balance whereas meal size and energy balance are jointly regulated by the satiating gut hormones cholecystokinin, glucagon-like peptide 1, and peptide YY, and by the adiposity satiety hormones insulin and leptin (21) . The pivotal evidence in support of the contemporary homeostatic view of energy regulation hinges on insulin and leptin exerting tonic inhibition over feeding and stimulation of physical activity and metabolism by acting in a corrective homeostatic fashion by binding to their receptors on hypothalamic neurons (25) .
We noted a number of lines of evidence that did not support the homeostatic view of the role of feeding and spontaneous physical activity in energy regulation. Feeding in humans and animals is strongly influenced by palatability, sensory diversity, food availability, portion size, and social facilitation (19) . Humans and animals also do not respond homeostatically to increased caloric density of food, as illustrated by rapid fat gain and elevation of body weight plateau on cafeteria and high-fat diets (27) . Deficient caloric metering also is seen in the failure of intravenous nutrient infusions (34) , enforced inactivity (28) , or energy cost of exercise (17) to stimulate corrective appetitive and ingestive responses. Human and animal weights level off at vastly different plateaus depending on nonhomeostatic aspects of food presentation and availability or variable opportunities and necessity for physical activity (27) . Perhaps the strongest evidence contradicting the contemporary model of energy regulation is the absence of a dose-dependent increase in hormonal negative feedback on feeding and physical activity with increases in body fatness (26) . Instead, the effectiveness of leptin and insulin to suppress feeding and activate spontaneous physical activity progressively declines with increases in obesity (21, 25) .
NEW FINDINGS
The inconsistencies between the contemporary homeostatic concept of energy regulation and evidence implicating nonhomeostatic controls prompted us to examine the role of leptin and insulin in the control of human meal-to-meal eating and appetite. We manipulated energy balance by varying energy content of the meal, imposing energy cost of exercise, and infusing nutrients intravenously (4). Concurrent measurements of putative hormonal mediators of the homeostatic energy regulatory mechanism were carried out, which was not the case in most of the previous studies.
In our study, a reduction in short-term changes in energy availability was generated by either providing a small 100-kcal morning meal at 6 a.m. or by imposing a 550-kcal morning energy deficit by moderate-intensity exercise between 10 a.m. and noon in nine healthy postmenopausal women who served as their own controls. Short-term energy availability was increased by either providing a large 500-kcal morning meal or by replacing 364 kcal missing from the small meal and expended in exercise by infusing intravenously total parenteral nutrients (TPN) between 6 and 11 a.m. TPN contained the same macronutrient composition as the morning meal.
Changes in appetite were measured with a 10-cm visual analog scale (VAS) under these four treatment trials: a small meal (Rest), exercise (EX), and intravenous replacement of calories missing in the small meal (Rest-TPN) or expended during exercise (EX-TPN). A sedentary trial in which a large morning meal was provided (Sed) served as a control condition. Subjects rated their hunger and satiation on the VAS by marking a point on a scale that ranged from ''not at all'' to ''extreme.'' Concurrent measurements were carried out on the putative hunger hormone ghrelin and on the putative adiposity negative feedback hormones leptin and insulin. Gastric inhibitory peptide (GIP) was measured as a prototype gut hormone responsive to meal intake. In addition, food consumed during the ad libitum midday meal was measured for evidence of possible delayed increases in eating as a compensation for the morning energy shortfall or the energy cost of exercise. Measurements were terminated at 5 p.m.
The results ( Fig. 1 ) rather unambiguously revealed the sensitivity of human perception of hunger to changes in energy content of different size meals. By contrast, hunger was insensitive to short-term fluctuations in energy availability caused by exercise or intravenous nutrient infusions. In addition, exercise suppressed hunger and increased perception of fullness ( Fig. 2, left) , corroborating similar reports by others (17) and demonstrating again the insensitivity of human appetite to exercise-induced short-term energy deficit.
There was a strong correspondence between the GIP secretory response (Fig. 2 , right) and the magnitude and time In contrast to the insensitivity of appetite response, the putative appetite controlling hormones responded appropriately to negative morning energy balance caused by either a small meal or exercise energy expenditure: ghrelin with increases ( Fig. 3 , left), leptin with decreases ( Fig. 3, right) , and both to correction of energy imbalance via TPN infusions.
The failure of appetite to respond to short-term fluctuations in energy balance was paralleled by the failure of these fluctuations to produce increased food consumption during the midday meal ( Fig. 4) . As was the case in studies manipulating energy density of food (15) , appetite and meal-to-meal eating seemed to be controlled by stomach capacity rather than by preceding energy deficit. In the absence of sustained energy restriction or weight loss, human appetite and meal-to-meal eating were unresponsive to short-term variations in energy availability caused by inadequate meal size, energy expenditure of exercise, or intravenous increases in nutrient energy.
REINTERPRETATION OF THE ENERGY REGULATORY MECHANISM
Collectively, our research (coupled with other lines of evidence on the opportunistic responses of human appetite to environmental circumstances and its unresponsiveness to short-term variations in energy availability) support the concept of appetite's nonhomeostatic control when not constrained by food restriction or a substantial weight loss. In fundamental design, a human's meal-to-meal consumption pattern does not differ from that of a blowfly. When a blowfly steps into a sugar solution, its taste receptors on the foot pads trigger ingestion of sweet fluid in proportion to its concentration and palatability. A full crop inhibits further feeding through a message sent by a recurrent nerve to the brain, and avulsion of this negative feedback from the crop leads to overeating (7) .
Nonhomeostatic Contribution of Physical Activity to Energy Regulation
According to the current view of energy regulation, increases in body fat level should increase adiposity hormone negative feedback on feeding and facilitate physical activity and other forms of energy expenditure to produce a loss of calories and body fat. Conversely, decreases in body fat level should reduce adiposity hormone negative feedback over feeding and suppress catabolic processes that include physical activity and metabolic energy expenditure to restore energy balance (25) . Injections of leptin into leptin-deficient mice that are obese and profoundly hypoactive seem to support this concept by stimulating levels of physical activity (22) .
Physical activity can produce weight losses and reduce the level at which body fat is regulated in both rodents (27) and humans (13) , regardless of the type of prevailing maintenance diets, when it is done either spontaneously or enforced. In addition, during recovery from enforced weight loss, exposure to forced exercise results in a lower recovery weight plateau than does ad libitum eating without exercise (20) . Physical activity may contribute to lowering weight plateaus in humans and rodents, in part, by suppressing appetite (Fig. 1) and preventing increases in feeding in compensation for exercise energy expenditure (Fig. 4) .
The question of whether these effects of physical activity are homeostatic should be examined in the context of manipulations that affect energy balance. Much evidence overwhelmingly fails to support a homeostatic role of physical activity in energy regulation. There is a strong negative relationship between spontaneous physical activity and body fat in both animals and humans (Fig. 5 ). Obesity in rodents is invariably associated with profound hypoactivity whether induced by high-fat diet feeding (27) , lesions of medial basal hypothalamus (16) , or the absence or inactivation of leptin or its receptors (22) . Morbidly obese humans also are reported to be almost completely inactive (32) . Conversely, maintaining rats on restricted access to food leads to 300%Y500% increases in spontaneous running as their weight loss increases. If the experiment is not terminated, rats virtually run themselves to death from energy depletion (24) . This animal model is paralleled by human anorexia nervosa, a condition of suppressed food intake, sustained weight loss, and high motivation for, and involvement in, physical activity (6) . Thus, the prevailing evidence indicates that spontaneous physical activity levels are related to body fat in an inverse and nonhomeostatic fashion.
Leptin and Insulin Act on Brain Substrates of Reward to Mediate Nonhomeostatic Eating and Locomotion
A way of reconciling the conflicting evidence regarding the restraining effects of insulin and leptin on appetite and body weight and fat gain (25) with the evidence that they do not influence meal-to-meal eating (4) is to consider the actions of the two hormones on the brain substrates of reward. Evidence links actions of insulin and leptin to spontaneous food seeking and locomotor behaviors through their suppression of the relevant brain substrates of reward. Insulin secretion accompanies ingestion of food, and the magnitude of this response is related to size and composition of the meal. Increases in insulin concentration associated with meal eating suppress both motivation to eat (26) and the motivation for physical activity. The well-known behavioral sequence in animals (and perhaps many humans) is to display somnolence and engage in sleep after a meal. Direct suppression by insulin injections of spontaneous physical activity in rats is seen at plasma concentrations that are too low to cause hypoglycemia and hunger (5) . Similarly, hyperinsulinemia, that accompanies either lesions of VMH (9) or overeating after enforced weight loss (20) , is accompanied by reductions in the levels of spontaneous physical activity or motivation to run on a treadmill. When hyperinsulinemia after the VMH lesions is prevented with subdiaphragmatic vagotomy, hyperphagia, obesity, and hypoactivity do not develop (9) . Increased insulin secretion during the absorptive period stimulates increased transcription of the leptin gene. Leptin, in turn, contributes to suppression of locomotor behavior as is shown for hyperactivity in anorexic subjects (8) and semistarved rats (10) . Thus, the absorptive increases in insulin and leptin contribute to postmeal suppression of behavioral activation.
Absorption of a meal and decline of insulin to its basal levels also are associated with a decline in plasma leptin concentrations ( Fig. 3, right) . As concentrations of both hormones decline, behavioral activation and spontaneous physical activity increase (14) . Thus, declines in insulin and leptin secretion after digestion and absorption of a meal increase the motivation for locomotor behavior. This implicates the two hormones at their low postabsorptive concentrations in facilitation of nonhomeostatic meal-to-meal feeding and stimulation of nonhomeostatic spontaneous locomotor activity.
In view of exercise-associated appetite suppression and increases in lipolysis, it would be logical to expect that these effects would be mediated by increased leptin release during exercise. This inference to date has not been substantiated, although several studies report exercise-associated increases in plasma leptin concentration (12, 18) . Moderate exerciseY associated leptin increases also are noticeable in our study (Fig. 3, right) and coincide with temporary suppression of hunger (Fig. 1 ). If more definitive support is found for the role of leptin in exercise-induced appetite suppression, this leptin action could serve as evidence for its role in functional linkage of meal eating and behavioral activation, and it could reveal a mechanism through which postmeal restraint over feeding contributes to a reduction in the weight plateau that is observed in exercising animals and humans. Substantial evidence suggests that involvement of insulin and leptin in nonhomeostatic control of meal eating and physical activity is mediated through their actions on the brain substrates of reward. Two hypothalamic circuits serving motivation and reward have been described (2) . One responds to fluctuation in short-term energy availability and body fat levels (and, for convenience, will be called homeostatic) and the other one is activated in the obese condition and preferentially responds to external sensory aspects of food (hedonic circuit). The homeostatic circuit comprises a large area of the medial shell of the nucleus accumbens, the ventral pallidum, the medial part of the lateral hypothalamus, and the ventral tegmentum. It is activated by K opioid, cannabinoid CB 1, and dopamine receptor stimulation. Such stimulation increases the drive to eat, obtain addictive rewards, and locomote. Both insulin and leptin receptors are present in, and are shown to influence, the homeostatic brain circuit of reward (11) . Low insulin and leptin levels enhance, whereas high insulin and leptin levels dampen, the rewarding value of stimulation of this circuit by suppressing the release of dopamine and related neurotransmitters (14) .
How Nonhomeostatic Meal-to-Meal Eating and Locomotion Help Stabilize Different Weight Plateaus
The evidence that meal-to-meal eating (4) and spontaneous physical activity operate in a nonhomeostatic fashion leaves open the question regarding how stable weight plateau that range from extreme leanness to morbid obesity are established and maintained. The resolution may reside in the roles of insulin and leptin within the temporal organization of feeding and behavioral activation during a 24-h day. This organization involves a circadian pattern of feeding and behavioral activation during approximately one half of the day and behavioral quiescence and suppression of feeding during the other half. The circadian pattern to human hunger ratings is evident from Figure 6 . In this study, 10 healthy postmenopausal women engaged in a sedentary trial and in two exercise trials requiring two bouts of treadmill walking differing in intensity but producing a similar workload (35) . Two aspects of the circadian appetite organization are seen.
First, hunger ratings are lower at the transition between waking and nocturnal phases of the day and are absent during the night. Second, hunger ratings are equally high at habitual feeding times in the sedentary and exercise trials and unaffected by the energy cost of exercise. The same was true in the previously described study despite variations in energy availability caused by exercise, different size meals, or intravenous nutrient infusions (Fig. 1) . Meal-associated ratings of hunger show an ultradian (G24 h) periodicity approximately the duration of time it takes to digest and absorb a meal, and at such times the hunger ratings are refractory to changes in energy availability. This suggests a presence of a nonhomeostatic coordinating central nervous influence that activates hunger at habitual meal times in an all-or-none fashion.
No feeding mechanism can effectively support survival without a capacity to respond to energy depletion. A functional connection between the nonhomeostatic control of meal-tomeal appetite and eating, and of spontaneous locomotor activity, resides in the sensitivity of the neural substrates of reward to variations in energy availability and levels of body fat. The reward valuation in the homeostatic drive circuit that motivates food seeking, hypothalamic self-stimulation, and locomotion is potentiated by food deprivation and body fat losses (2) . This is accomplished, in part, by decreases in the inhibitory effects of circulating insulin and leptin on the neural substrates of reward when they reach low levels during negative energy balance and body fat loss. Therefore, increased hunger and behavioral activation can be viewed as mechanisms that operate only when the size and caloric content of meals fall short of producing increased plasma insulin and leptin between habitual feeding times. If the ingested meal is small, as was the case with the 100-kcal morning meal in our study, ratings of hunger are increased between the habitual meal times (Fig. 1) , and behavior activation also is expected to be higher. The greater the shortfall in meal energy or weight loss and concomitant decline in insulin and leptin concentrations, the greater the activation of the homeostatic substrates of reward and increased motivation to seek food and locomote (Fig. 7) . A lifestyle requiring a substantial amount of physical work to procure food of moderate or low nutrient density will sustain motivation for both food seeking and physical activity and lead to a lean body weight plateau.
On the other hand, easy access to palatable and energyrich food without the necessity for substantial amounts of physical work will favor excess caloric intake and progressive weight gain. In step with increases in body fat, basal concentrations of leptin and ghrelin will rise and inhibit locomotor behavior. The hedonic brain circuit, uncoupled from the state of body energy balance, will ensure intake of palatable food. In such an environment, the weight will stabilize at an overweight or obese plateau, supported by relative inactivity and sustained intake of palatable food.
Metabolic Contributions of Insulin and Leptin to Maintenance of Variable Weight Plateaus
Epidemic increases in human obesity and the ease of producing dietary obesity in animals may be attributed in part to the hedonic brain circuit of reward (2) . This circuit comprises a smaller area of nucleus accumbens and ventral pallidum, orbitofrontal, anterior cingulate, and insular cortex; hippocampus and amygdala in the limbic forebrain; and mesolimbic dopamine projections to the nucleus accumbens and cortical sites. As with the homeostatic circuit, a hedonic pathway is activated by dopamine, K opioids, and endocannabinoids. The hedonic circuit typically does not respond to declines in energy balance but is engaged at stable body weight plateaus in association with body fat increases and obesity, and is responsible for heightened finickiness to taste of food. Obese animals overeat palatable food, but lose weight and undereat unpalatable or bland foods (27) . Both brain substrates of reward thus contribute to acquisition and storage of nutrient energy, the homeostatic one by increasing appetite and locomotion in response to energy shortage, and the hedonic one by facilitating seeking palatable food uncoupled from energy shortage.
Leptin and insulin also contribute to stability of body weight and body fat levels through their metabolic actions. Insulin resistance develops at high body fat levels and limits further nutrient storage and fat synthesis by blunting antilipolytic and lipogenic insulin actions. In this way, high basal plasma insulin concentrations contribute to maintenance of obese body fat levels. During food restriction and body weight losses, higher sensitivity of adipose and other peripheral tissues to insulin favors glycogen and lipid synthesis and drives the restoration of higher body fat levels.
The magnitude of a nocturnal rise in leptin concentration is proportional to the nutritional state at the onset of darkness. Nocturnal leptin concentration and presumably its lipolytic action (33) are greater in response to energy surplus and lower after energy depletion (31) . Dawn and dusk nadirs of human hunger (Fig. 6 ) may reflect circadian transition from higher nocturnal leptin concentrations when lipolysis is increased and behavioral activation blocked to the lower diurnal leptin concentrations when leptin may affect the motivation to locomote in conjunction with meal eating. When humans deliberately truncate the period of nocturnal rest, declines in plasma leptin and increases in plasma ghrelin are associated with increased appetite and presumably greater fat synthesis (29) . However, as levels of obesity rise and tissue resistance to leptin action increases (26) , nocturnal lipolytic effects of leptin would be expected to decline and tend to maintain higher body fat levels.
CONCLUSIONS
The absence of a controlling role for leptin and insulin in meal-to-meal eating prompts a reinterpretation of their roles in energy regulation. Our research and other evidence indicate that meal-to-meal feeding, appetite, and spontaneous physical activity operate in a nonhomeostatic fashion, whereas plasma leptin and insulin respond to short-term fluctuations in energy availability and bear no relationship to human appetite. The nonhomeostatic character of meal-to-meal feeding and spontaneous physical activity is mediated by inhibitory actions of insulin and leptin on the brain substrates of reward. After meals and in response to body fat gain, increases in the concentration of these two hormones reduce the incentive value of food and behavioral activation. Negative energy balance and body fat losses reduce basal concentrations of both hormones and increase the motivation to seek food and locomote. A circadian clock produces maximal facilitation of appetite at habitual meal times, regardless of the prevailing energy balance, and thus contributes to a nonhomeostatic pattern of feeding. The contribution of both hormones to weight stability is mediated by their modulation of the responsiveness of brain substrates of reward to changes in momentary energy availability and body fat level and by producing metabolic effects that favor retention of higher body energy stores. The responsiveness of brain substrates of reward to reduced energy availability and body fat losses favors increases in food seeking motivation and behavioral activation and drives weight and fat gain after body fat losses. The homeostatic brain substrate of reward becomes refractory at high body fat levels when resistance to both hormones develops. In addition, a hedonic brain circuit that is uncoupled from responsiveness to energy deficit favors opportunistic ingestion of palatable food.
Human feeding behavior is thus designed for nonhomeostatic meal-to-meal eating and is influenced by social forces that interfere with optimal operation of the energy regulatory mechanism. Environmental circumstances and the design of controls of eating behavior enhance the motivation for food seeking when energy deprived and after body fat loss but also encourage humans to overeat highly palatable and energy-rich foods when not energy deprived. This suppresses physical activity and engages the hedonic brain circuit, both of which contribute to excess fat synthesis and accumulation. Our currently inadequate understanding of the energy regulatory mechanism limits the opportunity to adjust conditions that would allow optimal operation of feeding behavior and physical activity for maintenance of healthy weight. The need for additional knowledge is particularly acute in four areas:
1. definition of quantities and palatability characteristics of human meals that would preserve the ultradian motivation to be physically active (Fig. 5 ); 2. characterization of types, volumes, and intensity of physical activity that would produce optimal diurnal betweenmeal appetite suppression and nocturnal lipolysis; 3. coordinated research on the role of the hormones that track the changes in energy balance (e.g., leptin, insulin, ghrelin, and gut peptides) by interacting with the neurochemical and neuroanatomical control of feeding and physical activity in the context of ultradian and nyctohemeral organization; and 4. assessment of the feasibility of restructuring the human environment to reduce exposure to highly palatable and energy-rich food and increase the opportunity for physical activity in the workplace (30) and elsewhere.
